In this study, we tested the antimicrobial activity of three metal nanoparticles (NPs), ZnO, MgO, and CaO NPs, against Salmonella enterica serovar Enteritidis in liquid medium and on solid surfaces. Out of the three tested metal NPs, ZnO NPs exhibited the most significant antimicrobial effect both in liquid medium and when embedded on solid surfaces. Therefore, we focused on revealing the mechanisms of surface-associated ZnO biocidal activity. Using the global proteome approach, we report that a great majority (79%) of the altered proteins in biofilms formed by Salmonella enterica serovar Enteritidis were downregulated, whereas a much smaller fraction (21%) of proteins were upregulated. Intriguingly, all downregulated proteins were enzymes involved in a wide range of the central metabolic pathways, including translation; amino acid biosynthetic pathways; nucleobase, nucleoside, and nucleotide biosynthetic processes; ATP synthesis-coupled proton transport; the pentose phosphate shunt; and carboxylic acid metabolic processes, indicating that ZnO NPs exert a panmetabolic toxic effect on this prokaryotic organism. In addition to their panmetabolic toxicity, ZnO NPs induced profound changes in cell envelope morphology, imposing additional necrotic effects and triggering the envelope stress response of Salmonella serovar Enteritidis. The envelope stress response effect activated periplasmic chaperones and proteases, transenvelope complexes, and regulators, thereby facilitating protection of this prokaryotic organism against ZnO NPs.
T he emergence of multidrug-resistant bacteria, including bacteria with resistance to multiple new antibiotics, has become a major public health problem worldwide (1, 2) . The importance of this growing problem can be illustrated using vancomycin-resistant enterococci as an example. After only several years following the emergence of vancomycin resistance, plasmids carrying genes for vancomycin resistance shifted into already multiple-drug-resistant strains of Enterococcus faecium, triggering the spread of a virtually untreatable pathogen, compounding the growing problem of nosocomial infections in U.S. hospitals (3) . Besides the use of antibiotics for human treatments, the common use of veterinary antimicrobials and especially the industrial-scale incorporation of antimicrobial growth promoters as additives in feed have significantly contributed to the emergence of antibiotic-resistant bacteria (1, 4, 5) . This not only complicates anti-infective therapeutics but also heightens the need for developing alternative approaches to more effectively control infectious diseases and, in particular, to slow the emergence of antimicrobial resistance.
In recent years, there has been a growing interest in exploring the antimicrobial properties of engineered nanoscale metal particles. A relatively inert metal or its oxides, once manufactured into nanoparticles (NPs; particles with one axis being 100 nm in diameter or smaller), may undergo changes in physical and chemical properties and exert significant effects on living organisms (6) . It was shown that NPs may affect both prokaryotic and eukaryotic cells via similar physiological processes. For instance, a low concentration of ZnO NPs can impose a toxic potential in human epidermal cells via lipid peroxidation and oxidative stress (7) . The ability of NPs to induce toxicity by interacting with various biological molecules, including DNA, proteins, and lipids, has mainly been attributed to their high surface area-to-volume ratio (8) . The large surface area of NPs tremendously increases their reactivity. For instance, the production of free metal ion (e.g., Ag ϩ from Ag NPs) or reactive oxygen species (ROS), substances with pronounced toxicity, are proportionally increased with the surface area of NPs (9, 10) . Thus, metal NPs result in the generation of larger amounts of these toxic substances. Some NPs have a tendency to aggregate, and this process of aggregation has been shown to result in a decrease in the NP surface area, thereby reducing its antimicrobial effect (11) . It has been shown that the bactericidal effect of NPs may be associated with the deleterious nature of free radicals, which interfere with the integral membrane lipids, causing disruption of the bacterial cell membrane and the leakage of cytoplasmic contents (12) . However, the complete mechanism(s) of antimicrobial activity of NPs remains unclear.
In this study, we compared the antibacterial activity of ZnO, MgO, and CaO NPs against the Gram-negative pathogenic organism Sal-monella enterica serovar Enteritidis. The antibacterial potency of these three NPs was assessed using planktonic and biofilm NP inhibition assays. Both assays clearly indicated that the ZnO NPs exhibited a stronger biocidal activity than the MgO and CaO NPs. For instance, ZnO NPs inhibited the planktonic growth of Salmonella serovar Enteritidis at a concentration of 0.27 mg/ml, whereas MgO and CaO NPs imposed the same effect at significantly higher concentrations (i.e., 1.6 mg/ml and 1.35 mg/ml, respectively). Furthermore, ZnO NPs embedded on surfaces consistently showed more significant antibacterial activity than MgO and CaO NPs. Therefore, we subsequently focused on elucidating the mechanism(s) of ZnO biocidal activity. We assessed the global proteome response of Salmonella enterica serovar Enteritidis biofilms treated with ZnO NPs, using a high-resolution methodology, two-dimensional (2D) fluorescence difference in gel electrophoresis (2D-DIGE) coupled with liquid chromatography-tandem mass spectrometry (LC-MS/MS). Transmission electron microscopy (TEM) was used to evaluate bacterial morphology and, in particular, the integrity of the cell membrane following exposure to ZnO NPs.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Salmonella enterica serovar Enteritidis ATCC 4931 (here referred to as Salmonella serovar Enteritidis) was cultured from a frozen stock on Luria agar (LA) plates (1% tryptone, 0.5% yeast extract, 0.5% NaCl, 1.5% agar, pH 7.5; Life Technologies Inc., Burlington, ON, Canada) and incubated overnight at 37°C. Three colonies of Salmonella serovar Enteritidis isolated from overnight LA plates were used to inoculate 50 ml of Luria broth (LB) or 50 ml of tryptic soy broth (TSB), and then the broth was incubated for approximately 12 h at 37°C with vigorous shaking at 190 rpm. The resultant seed culture was used for both planktonic and biofilm NP inhibition assays. For the planktonic inhibition assay, stocks (15 g/liter) of ZnO, CaO, and MgO NPs were prepared in sterile LB and stored in the dark at 4°C. Prior to the addition of NPs to Salmonella enterica serovar Enteritidis cultures, the stock solutions of NPs were filtered using 0.22-m-pore-size presterilized Millipore syringe filters (Etobicoke, Ontario, Canada) in order to prevent contamination of the Salmonella cultures.
Nanoparticle characterization. Transmission electron microscopy was used to assess the size, shape, and aggregation state of NPs. Carbon/ Formvar-coated grids (product number 01822; Ted Pella, Inc., Redding, CA) were glow discharged in a Pelco EasiGlow chamber (Ted Pella, Inc., Redding, CA). Samples and their dilutions were transferred to glow-discharged grids, followed by a 5-min incubation at room temperature. The grids were either allowed to dry or dipped gently in water 1 to 10 times, depending on the sample and dilution. Grids/samples were imaged using a Philips EM 410 transmission electron microscope (Phillips, Netherlands) equipped with an Olympus Mega View III soft imaging system video camera (Olympus, Ontario, Canada).
Planktonic nanoparticle inhibition assay. The inhibitory concentrations of ZnO, CaO, and MgO nanoparticles against Salmonella serovar Enteritidis were determined by using a wide range of metal NP concentrations (5.0, 2.5, 1.0, 0.5, and 0.25 mg/ml). This initial broad screening was repeated using a narrower concentration range (from 2.0 to 0.2 mg/ ml) once the effective range was identified. Seed cultures of Salmonella serovar Enteritidis were diluted 1/100 in 100 ml of freshly prepared LB and grown at 37°C with vigorous shaking at 190 rpm to an optical density (OD) at 600 nm of 0.4 (mid-exponential-growth phase). Flasks containing mid-exponential-phase cultures were immediately challenged with either ZnO, CaO, or MgO NPs. During the 4-h NP exposure time course, the cultures were maintained with constant shaking at 190 rpm. Viable cell counts were performed by 10-fold serial dilutions at time zero (before challenging) and then at every 30 min of the incubation time course. Aliquots of 0.1 ml were plated on LA plates in triplicate and then incubated at 37°C for 24 h. The resultant colonies were then counted, and the number of CFU per milliliter was calculated. The MIC endpoint for each tested metal nanoparticle was determined to be the lowest concentration that significantly inhibited the growth of Salmonella serovar Enteritidis.
Biofilm nanoparticle inhibition assay. To evaluate the antimicrobial potency of surface-embedded NPs (either ZnO, MgO, or CaO NPs), we performed continuous-culture bench-scale bioreactor experiments using Salmonella serovar Enteritidis. A range of different metal NP concentrations (1, 2.5, 5, 10, 20, and 40 mg/ml) was used to coat polycarbonate coupons (1 by 10 cm) according to a previously described method (13) . Alkyd paint (Minwax antique oil) was used as a carrier for all three tested metal NPs. Also, we included polycarbonate coupons without NPs in each bioreactor vessel as untreated controls (i.e., alkyd paint-treated no-NPtreated controls). The 500-ml reactor vessels containing NP-coated polycarbonate coupons mounted on rotating solid inner cylinders were set up as previously described (14) . Briefly, inner cylinders holding replicate test coupons were rotated within the reactor vessels and submerged with ϳ300 ml of 10% strength TSB (3 g/liter). The reactor vessels were inoculated with 1 ml of a 48-h-old seed culture (see "Bacterial strains and culture conditions" above) diluted to an optical density equivalent to a 0.5 McFarland standard (1.5 ϫ 10 8 CFU per ml), determined at an OD of 600 nm using a Novaspec II spectrophotometer (Biochrom Ltd., Cambridge, United Kingdom). Sterile fresh medium from a reservoir was continuously added to the bioreactor containing the growing culture via silicone tubing by a Watson-Marlow peristaltic pump (model 202U; WatsonMarlow, Cornwall, United Kingdom) at a bulk flow rate of 20.8 ml per hour, resulting in the complete exchange of the culture volume every 24 h. Bioreactor assays were run for 15 days at room temperature with a sterile filter in the reactor lid to allow aeration. Evaluation of the antimicrobial effects of the ZnO, MgO, and CaO NP-coated coupons was performed on the 3rd, 7th, 10th, and 15th days of incubation using the viable plate count method (i.e., determination of the number of viable CFU per square centimeter of coupon).
Sample preparation for protein analysis. Biofilms of Salmonella serovar Enteritidis were grown in polycarbonate multichannel flow cells. Prior to inoculation, the channels of the flow cell device were sterilized by flushing with 10% (wt/vol) sodium hypochlorite solution for 10 min (15) . Then, sterile nutrient medium (10% strength TSB) was pumped through the flow cells via silicone tubing using a Watson-Marlow peristaltic pump operated at a bulk flow rate of 25 ml per hour and a laminar flow velocity of 0.07 cm per second per channel. Flow cell channels were separately inoculated with 1 ml mid-log-phase Salmonella serovar Enteritidis culture equivalent to a 0.5 McFarland standard (1.5 ϫ 10 8 CFU per ml) determined at an OD of 600 nm using a Novaspec II spectrophotometer (Biochrom Ltd., Cambridge, United Kingdom). The inoculum was retained in the flow cell channels for 30 min with the nutrient flow turned off to facilitate bacterial attachment, after which the flow was turned on. Established biofilms (48 h of incubation) were then exposed to a sublethal concentration of ZnO nanoparticles (0.5 mg/liter) for 4 h by aseptic addition of the ZnO NPs to the sterile nutrient medium reservoir. Continuous mixing of the medium reservoir was used to ensure that the NPs remained in suspension. After 4 h of NP exposure, biofilm material was recovered from the channels by scraping with a sterile disposable inoculation loop. The biofilm material was then centrifuged at 12,000 rpm for 10 min and washed twice with sterile distilled water before processing for protein extraction.
Protein extraction and labeling for 2D-DIGE analysis. Total cellular protein was extracted from resuspended cell pellets in 1 ml of lysis buffer (9 M urea, 4% [wt/vol] CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 2% IPG (immobilized pH gradient) buffer, pH 3 to 10 NL (nonlinear), 1.5 mM phenylmethylsulfonyl fluoride) at room temperature with intermittent vortexing. The cell lysis solution was then centrifuged at 12,000 rpm for 5 min. The resulting supernatant was resuspended in a 3ϫ volume of ice-cold acetone, mixed vigorously, and then incubated overnight at Ϫ20°C to precipitate proteins. The precipi-tated proteins were recovered by centrifugation at 12,000 rpm for 15 min and then solubilized in a cell lysis buffer containing 7 M urea, 2 M thiourea, 4% (wt/vol) CHAPS, and 30 mM Tris-HCl at room temperature for 1 h with intermittent vortexing. Total protein was quantified using a 2D Quant kit (GE Healthcare, USA). The protein solution was then subjected to cleanup with a 2D Cleanup kit according to the manufacturer's instructions (GE Healthcare) before 2D-DIGE analysis. Proteins were labeled using fluorescent cyanine dyes according to the manufacturer's instructions (GE Healthcare). Cyanine dyes (Cy2, Cy3, and Cy5) were freshly reconstituted in dimethylformamide and added to the labeling reactions at a ratio of 200 pmol dye to 50 g protein. Labeling reactions were performed on ice in the dark for 30 min, after which the reactions were terminated by the addition of 10 mM lysine (1 l per 200 pmol dye). Three biological replicates from each treated group (groups T-1, T-2, and T-3) and untreated group (control groups C-1, C-2, and C-3) were used for the experiment. Each replicate within the group was labeled with Cy3, Cy5 and Cy3, or Cy5. A pooled internal standard was labeled with Cy2 fluorescent dye.
Isoelectric focusing, equilibration, and SDS-PAGE. Isoelectric focusing was performed using an Immobiline DryStrip (pH 3 to 11 NL, 24 cm; GE Healthcare) and rehydrated overnight with 450 l of rehydration buffer (2 M thiourea, 7 M urea, 2% [wt/vol] CHAPS, 0.5% [vol/vol] IPG buffer, pH 3 to 11 NL, 0.04% bromophenol blue). In total, 150 g of labeled protein (50 g each of Cy3-labeled and Cy5-labeled samples mixed with a Cy2-labeled internal standard sample and added to a total of 450 l rehydration buffer) was loaded onto each 24-cm Immobiline strip. Isoelectric focusing was performed using an Ettan IPGphor 3 apparatus (GE Healthcare) for a total of 57,500 V · h at 75 A and 20°C. After the first dimension, the strips were equilibrated in 6 M urea, 2% (wt/vol) SDS, 50 mM Tris-HCl (pH 8.8), 30% glycerol, and 0.5% (wt/vol) dithiothreitol (DTT) for 15 min. In a second equilibration step (15 min), 4.5% (wt/vol) iodoacetamide (IAA) was used instead of DTT. Second-dimension electrophoresis (2D SDS-PAGE) was then carried out using a DALTsix apparatus (GE Healthcare) by placing the equilibrated strips on top of the 12.5% sodium dodecyl sulfate-polyacrylamide gels, overlaying the strips with 0.5% agarose, and running at 1 W per gel for 1 h and then at 17 W per gel at 20°C until completion of the run.
Gel image analysis. The gel images were scanned at excitation and emission wavelengths of 488 and 520 nm, respectively, for the Cy2 dye, 532 and 580 nm, respectively, for the Cy3 dye, and 633 and 670 nm, respectively, for the Cy5 dye at a 100-m resolution using a Typhoon FLA 9000 scanner (GE Healthcare). Analysis of scanned images was carried out using ImageQuant (version 5.0) and DeCyder (version 7.0) 2D software (GE Healthcare) per the manufacturer's instruction. Gel spots were initially detected with background subtraction, and then a difference in gel analysis approach was applied utilizing the internal standard in order to perform accurate matching between samples and to generate a ratio of protein abundance for each protein spot of interest. An internal standard (from the untreated Salmonella proteome) was included in each gel to enable normalization of all the protein data. In the second analysis step, biological variation analysis (BVA) was used to match multiple images from different gels and to provide statistical analysis of the quantitative comparison of spot volumes between all samples. Differences between protein spot volumes were considered significant when they underwent at least a 2-fold change and had a P value of Ͻ0.05.
Gel excision, in-gel digestion, LC-MS/MS, and protein identification. Protein spot excision for protein identification was carried out using a robotic Ettan spot picker system (GE Healthcare). For each protein spot, gel slices were excised and treated with 10 mM DTT for 30 min at 37°C, followed by alkylation, achieved by adding 50 l of 55 mM IAA for 20 min, also at 37°C. Proteins were digested in gel using buffer supplemented with 0.01 g/l trypsin (Promega, Madison, WI, USA) in 20 nM ammonium bicarbonate. After overnight incubation at 37°C, peptides were extracted three times by sonication in solvent containing 50% (vol/vol) acetonitrile with 0.1% (vol/vol) trifluoroacetic acid (TFA). Eluates were collected and completely dried by vacuum centrifugation. Peptides were then desalted using a C 18 column (Waters, Milford, MA), reconstituted in 40 l of 0.1% formic acid and 3% acetonitrile, and analyzed in a nanoflow ultraperformance liquid chromatography unit (nano-Acquity; Waters) coupled with an Ultima electrospray ionization quantitative time of flight tandem mass spectrometer (Waters). The data were analyzed using MassLynx (version 4.0) software and processed by the ProteinLynx global server (version 2.2; Waters). The resultant peak patterns were searched against the patterns in the NCBI database using the Mascot search engine (Matrix Science Ltd., London, United Kingdom). Proteins were identified on the basis of a minimum of one peptide with a protein significance threshold of less than 0.05.
Transmission electron microscopy. Overnight cultures of Salmonella serovar Enteritidis were grown in LB at 37°C with constant shaking at ϳ190 rpm. This seed culture was diluted 1/1,000 in 50 ml of freshly prepared LB, grown at 37°C to an optical density at 600 nm of 0.4 (early mid-exponential-growth phase), and then challenged with ZnO NPs (0.29 mg/ml) with constant shaking (190 rpm) for 20 min. Samples (10 ml) of Salmonella serovar Enteritidis cells were taken before and immediately after ZnO NP exposure and then after 20 min of NP exposure.
These samples were centrifuged at 1,000 to 2,000 ϫ g and then fixed in Karnovsky fixative containing 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), 2% glutaraldehyde (Ted Pella, Inc., Redding, CA) buffered in 0.1 M sodium cacodylate, pH 7.2, and 0.1 M sucrose. Samples were rinsed 3 times in the buffer, followed by centrifugation at increasing speeds to pellet the fixed bacteria. Next, pellets were treated with 1% osmium tetroxide (Ted Pella, Inc., Redding, CA) in 0.1 M sodium cacodylate (pH 7.2) for 1 h on ice and in the dark. The pellets were then rinsed in water and stained en bloc using 2% uranyl acetate (Taab Laboratories, Berkshire, United Kingdom) for ϳ1 h. Dehydration was performed in increasing concentrations of ethanol followed by propylene oxide (Electron Microscopy Sciences) 2 times for 5 to 10 min each time. Dehydrated samples were stored in 50:50 mixtures of propylene oxide and resin (Embed 812; Electron Microscopy Sciences) overnight and then transferred to 100% Embed 812 under vacuum for 6 to 8 h and then to a 60°C oven to polymerize for 48 h. The samples were then thin sectioned into 60-nm slices using a microtome (Reichert Jung Ultracut E; GMI, Ramsay, MN) and imaged using a Philips 410 EM transmission electron microscope equipped with a Mega View III soft imaging system video camera (Olympus).
Experimental replication and bioinformatics. Data from the planktonic and biofilm NP inhibition assays and proteomics represent the averages from three biological replicates. Kinetic data were analyzed by CoStat (version 6.4) software (CoHort Software, Monterey, CA) using the homogeneity of linear regression slopes method to test for significant (P Ͻ 0.05) differences. Analysis of variance (ANOVA), in which the level of significance was set at a P value of Ͻ0.05, was used to reveal statistically significant differences in protein abundance. The false discovery rate (FDR) significance level, determined by the Benjamini-Hochberg method, was Ͻ5%. Gene ontology (GO) enrichment analysis was carried out in order to identify the biological processes and molecular functions of the proteins identified in the ZnO stress response of Salmonella serovar Enteritidis. The GO analysis was conducted using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (16) . The protein interaction network analysis was carried out using the STRING (version 9.1) algorithm applied to the Salmonella enterica database (17) . Finally, when a protein with an unknown function was identified, an in-house BLAST search of the NCBInr database was performed to identify proteins with the same functional domains. Table 1 presents the physical characteristics of the NPs used in this study. Figure 1 shows TEM images of ZnO, CaO, and MgO NPs along with their size distributions.
RESULTS

Metal nanoparticle characteristics.
Planktonic nanoparticle inhibition assay. The objective of the planktonic nanoparticle inhibition assay was to determine the antimicrobial potency of three different metal NPs, ZnO, MgO, and CaO NPs, against the human pathogen Salmonella serovar Enteritidis and to select the most potent metal NP for further experimentation. Initially, the antimicrobial effects of the ZnO, MgO, and CaO NPs were evaluated by exposing mid-log-phase cultures of Salmonella serovar Enteritidis to a wide range of NP concentrations (5.0, 2.5, 1.0, 0.5, and 0.25 mg/ml) (Fig. 2) . Analysis of these data revealed a concentration-dependent lethal effect of NPs (Fig. 2) , expressed in terms of the decimal reduction time (D value; the time to effect a 1-log-unit reduction in cell viability). For example, the D values for 5, 2.5, 1, and 0.5 mg/ml ZnO against the tested Salmonella strain were determined to be 92, 158, 279, and 289 min, respectively. Screening of the effects of the NPs was repeated using a narrower concentration range in order to more clearly identify the MICs of ZnO, MgO, and CaO nanoparticles for reduction of the growth of Salmonella serovar Enteritidis. Among all tested metal NPs, ZnO NPs exhibited the lowest MIC value of 0.27 mg/ml, significantly (P Ͻ 0.05) reducing the growth of Salmonella serovar Enteritidis, followed by CaO NPs (MIC ϭ 1.35 mg/ml; P Ͻ 0.05) and MgO NPs (MIC ϭ 1.6 mg/ml; P Ͻ 0.05) (Fig. 2) . The MIC values of CaO and MgO NPs were 5-and 5.9-fold higher than the MIC value of ZnO NPs, respectively, confirming that ZnO nanoparticles had the most lethal effect on a per weight basis in liquid suspension against Salmonella serovar Enteritidis compared with the effects of CaO and MgO NPs (P Ͻ 0.05).
Biofilm nanoparticle inhibition assay. To evaluate the surface-associated antimicrobial potency of the metal nanoparticles, we also performed lab bench bioreactor biofilm formation experiments to challenge Salmonella serovar Enteritidis with ZnO-, MgO-, and CaO-coated coupons. Initial experiments evaluating the antimicrobial effect of different ZnO concentrations (1, 2.5, 5, 10, 20, and 40 mg/ml) revealed that by the end of the experiment (360 h of incubation), a surface coating consisting of 2.5 mg/ml of embedded ZnO (as applied) exerted the greatest lethal effect on the attached Salmonella serovar Enteritidis populations, reducing the surface-associated or biofilm microbial load by 2.14 log units (Fig. 3) . Interestingly, ZnO coating solutions having concentrations greater than 2.5 mg/ml showed incrementally reduced antimicrobial potency, with the highest tested concentrations of ZnO applied (20 and 40 mg/ml) actually promoting microbial growth relative to the growth for the untreated control (Fig. 3) . A similar series of experiments was conducted using CaO, where the four lowest concentrations of CaO (i.e., 0.25, 1, 2.5, and 5 mg/ml) showed similar antimicrobial potencies, reducing the microbial load from 0.7 to 1 log unit during the first 168 h of incubation, whereas the highest concentrations of CaO (i.e., 10, 20, and 40 mg/ml) exhibited no discernible antimicrobial effects (Fig. 3) . During prolonged incubation periods (i.e., from 240 to 360 h), the four lowest concentrations of CaO, in general, showed a slight antimicrobial effect, reducing the microbial load by 0.3 log unit compared to that for the negative control, while the higher CaO concentrations showed no further antimicrobial effect (Fig. 3) .
The results of experiments designed to evaluate the antimicrobial potency of MgO nanoparticles are also summarized and presented in Fig. 3 . The effect of MgO NP exposure on Salmonella serovar Enteritidis viable counts was relatively even across the different concentrations tested and over the incubation time course, ranging from 0.5-to 0.2-fold (Fig. 3) . Overall, ZnO NPs embedded in surfaces showed the most significant (P Ͻ 0.05) surface-associated antimicrobial potency compared to the potency of CaO and MgO NPs embedded in surfaces. Molecular response of Salmonella serovar Enteritidis biofilm to ZnO nanoparticle exposure. The effect of ZnO NPs on Salmonella serovar Enteritidis biofilms was examined using global proteome analysis. Alterations in protein abundance were studied by comparing the proteome of Salmonella serovar Enteritidis challenged with ZnO nanoparticles to the reference proteome of the same organism without ZnO treatment. In total, out of 930 protein spots detected using the 2D-DIGE approach, 86 protein spots exhibited significant shifts in protein expression (Ն2-fold up-or downregulated) due to the exposure to ZnO NPs. Of these 86 protein spots, 43 showed statistically significant (P Ͻ 0.05) changes in abundance and high reproducibility (FDR Ͻ 0.5) across all biological replicates. The full list of these 43 proteins, along with their molecular functions, accession numbers, Mascot scores, FDRs, P values, and fold changes in abundance, are given in Table 2 .
A great majority (n ϭ 34, 79%) of the altered proteins were downregulated, whereas a much smaller fraction (n ϭ 9, 21%) was upregulated ( Table 2 ). The Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis was used to gain insight into the molecular response of Salmonella spp. triggered by ZnO NPs. The most pronounced changes in biological processes occurred via the downregulation of proteins involved in nitrogenous compound metabolic processes; carboxylic acid metabolism; cellular ketone metabolism; nucleobase, nucleoside, and nucleotide biosynthesis; translation; and cellular amino acid biosynthesis, as well as generation of precursor metabolites and energy (Fig. 4) . The results of the DAVID analysis clearly indicated that the major primary metabolic and cellular biosynthetic processes were significantly affected by ZnO NPs (Fig. 4) . Further, the DAVID functional classification analysis suggested that these major biological processes were affected by proteins, mainly those responsible for catalytic and hydrolase activities (Fig. 4) .
The ZnO response stimulons of upregulated proteins consisted exclusively of a group of stress response proteins governing cell wall, membrane, and envelope biogenesis (HtrA, DegP, ClpC, TolB, and AotJ), molecular chaperones (GroEL and CspC), and a hypothetical protein (STY1099, YccT) ( Table 2 ). Among the ZnO response stimulons, hypothetical protein STY1099 exhibited the most significant upregulation (by 16.06-fold), followed by a group of stress response proteins primarily involved in the extracytoplasmic or envelope stress response (ESR), including membrane-associated serine endoprotease (DegP; 11.71-fold increase), serine endoprotease (HtrA; 8.84-fold increase), and an ATP-dependent CLP protease proteolytic subunit (ClpP; 4.46-fold increase). Using the STRING algorithm, we defined an interactome (i.e., a protein-protein interaction network) of the most upregulated protein, STY1099, with a high confidence score (Յ0.70). On the basis of co-occurrence evidence (Fig. 5, blue lines) , the hypothetical protein STY1099 was determined to interact with a DNA-binding transcriptional activator (gutM), an assembly protein for periplasmic nitrate reductase (napD), a putative fimbrial subunit protein (pegA), the FimH protein precursor (fimH), and hypothetical proteins YrbL and YnjH. On the basis of neighborhood (Fig. 5 , green line) and text-mining (Fig. 5, yellow line) evidence, hypothetical protein STY1099 also interacted with methylglyoxal synthase (mgsA).
TEM. A series of transmission electron microscopy (TEM) analyses (Fig. 6B to D) was carried out in order to reveal the effects of treatment with ZnO NPs relative to the effect of no treatment of control cells (Fig. 6A) on the ultrastructural morphology of Salmonella serovar Enteritidis. Immediately following exposure of Salmonella cells to ZnO NPs, a strong association of the NPs with the cell envelope was observed, with the ZnO NPs engulfing the cell by forming a thick electron-dense layer, as shown in Fig. 6B . After 20 min of ZnO NP treatment, the Salmonella cells underwent detachment of the cell membrane from the cell wall (Fig.  6C) , revealing a dramatic structural change of the cell at this time of treatment. Interestingly, we could not observe any attachment of ZnO NPs to the cell envelope during this period of treatment, which most likely could be explained by the fact that the majority of ZnO NPs had already penetrated into the cell or had been released from the cell surface. It is also possible that a combination of direct effects (NP) and indirect effects (e.g., the release of dissolved Zn ions) plays a role in ZnO toxicity to Salmonella serovar Enteritidis. The final TEM image (Fig. 6D) , also taken after 20 min of ZnO NP treatment, showed a rapid deterioration of cellular ultrastructural morphology, as evidenced by the formation of large vacuoles within the cytoplasm of Salmonella. These rapid and substantial changes in cellular morphology, induced by ZnO NPs, provide a strong indication that ZnO NPs possess effective and highly lethal activity against this enteric pathogen. 
DISCUSSION
The emergence and dissemination of antimicrobial resistance among various human, animal, and zoonotic pathogens pose an enormous threat to people around the globe. Estimates made by the Centers for Disease Control and Prevention indicate that in the United States as many as 23,000 people die every year as a direct consequence of antibiotic-resistant infections, most often caused by Gram-negative pathogens (18) . According to a recent report of the World Health Organization (19) , the magnitude of antimicrobial resistance in many parts of the world has reached alarming levels and clearly suggests that a postantibiotic era may be a real possibility for the 21st century. Pressure is mounting to develop alternative approaches for controlling microbial infectious diseases in order to help limit the emergence of antimicrobial resistance and especially the resistance to clinical antibiotics used in human therapy. In recent years, engineered metal nanoparticles (NPs) have attracted global attention because of the combination of their high and long-lasting microbial toxicity (20, 21) along with their low toxicities to human cells (12) , which potentially make them interesting therapeutics and/or control agents.
The most promising application of metal NPs in fighting against infectious diseases and the spread of antimicrobial resistance can be expected in the development of antimicrobial biomaterials for implantable devices (e.g., catheters for continuous ambulatory peritoneal dialysis and central venous catheters). Also, antimicrobial materials containing metal NPs could find a wide spectrum of applications, ranging from health care to food production.
In the current study, we evaluated the antimicrobial activities of three different metal NPs, ZnO, CaO, and MgO NPs, against the Gram-negative pathogen Salmonella serovar Enteritidis, using planktonic and biofilm inhibitory assays. Overall, the data showed that out of these three tested metal NPs, ZnO NPs exhibited the most significant antimicrobial activity both in liquid medium (planktonic assay) and when embedded on solid surfaces (biofilm assay). Therefore, we focused our attention on revealing the mechanisms of the ZnO NP biocidal activity. Most notably, during the ZnO NP treatment, a great majority (79%) of the altered proteins became significantly downregulated, indicating a profound protein-inhibitory capacity of ZnO NPs against this Gramnegative pathogen. Performing gene ontology enrichment clustering analysis, we found that ZnO NPs inhibited a wide range of key enzymes involved in central metabolic pathways, including ATP synthesis, generation of precursor metabolites and energy, translation, GMP biosynthetic processes, and amino acid and organic acid biosynthetic processes, as well as nucleobase, nucleoside, and nucleotide biosynthetic processes. Several studies using mitochondria from neurons as a model system to study zinc toxicity demonstrated that zinc inhibits the major enzymes involved in the tricarboxylic acid (TCA) cycle (22) , glycolysis (23) , and the mitochondrial electron transport chain (24) , subsequently leading to ATP depletion and finally leading to cellular death. It has been found that Zn 2ϩ is imported through the Ca 2ϩ uniporter and in eukaryotes targets major mitochondrial multienzyme complexes responsible for energy production and antioxidant defense (25) . Inactivation of these matrix enzymes by zinc is rapid and irreversible, and only de novo enzyme synthesis can restore mitochondrial function (25) . In this study, analyzing the global proteomic response of prokaryotic biofilms formed by Salmonella serovar En- Table 2. teritidis exposed to a sublethal concentration of ZnO NPs, we demonstrated that ZnO NPs have a profound inhibitory effect not only on enzymes involved in energy production (i.e., TCA, plasma membrane ATP synthesis-coupled proton transport, pentose phosphate shunt, energy-coupled proton transport, and the generation of precursor metabolites and energy) but also on enzymes involved in translation; cellular amino acid biosynthetic processes; and nucleobase, nucleoside, and nucleotide biosynthetic processes. Out of these non-energy-related enzymes, zinc showed the greatest affinity toward enzymes involved in protein translation, resulting in an extensive downregulation of elongation factor Tu (107.70-fold), elongation factor G (46.40-fold), GTP-binding protein chain elongation factor G (41.25-fold), methionyl-tRNA synthetase (22.16-fold) , and arginyl-tRNA synthetase (20.24-fold), indicating its potent enzyme-inhibitory nature. Intriguingly, all housekeeping proteins (enzymes) of Salmonella serovar Enteritidis with altered expression were downregulated (Table 2) . Recently, McQuillan and Shaw (26) , using the whole-transcriptome gene expression approach in order to capture the global genetic response of Escherichia coli to Ag nanoparticles, showed that various genes encoding enzymes of the central metabolic pathways were upregulated, indicating that Ag NPs could not affect major enzymes involved in carbohydrate transport, sugar phosphotransferase systems, the galactitol metabolic process, and nitrogen fixation. In sharp contrast to the findings for Ag NPs, our study showed that ZnO NPs affected a wide range of key enzymes involved in numerous central metabolic pathways, clearly imposing a panmetabolic toxic effect on this prokaryotic organism (Fig.  4) . At present, we do not know whether this panmetabolic toxic effect is entirely caused by ZnO NPs or by a combination of ZnO NPs and zinc ions (Zn 2ϩ ). It has been shown that cellular internalization of ZnO NPs in Gram-negative organisms occurred as a annotated with a high confidence score (confidence score, Յ0.70). The color of each of the lines represents the type of evidence that exists for that functional association between the proteins. On the basis of co-occurrence evidence (blue lines), the hypothetical protein STY1099 interacts with a DNA-binding transcriptional activator (gutM), the assembly protein for periplasmic nitrate reductase (napD), a putative fimbrial subunit protein (pegA), the FimH protein precursor (fimH), and hypothetical proteins YrbL and YnjH. On the basis of neighborhood (a green line) and text-mining (a yellow line) evidence, the hypothetical protein STY1099 interacts with methylglyoxal synthase (mgsA).
result of the membrane disorganization imposed by these nanoparticles, which further leads to increased membrane permeability and cellular internalization of ZnO NPs (27) . Another study using a eukaryotic cell line as a model system pointed out that the internalization and accumulation of Zn 2ϩ in this type of cell present a potent toxicity effect of ZnO NPs (28) .
It has been postulated that the primary cause of ZnO NP toxicity in both eukaryotic and prokaryotic organisms is associated with the production of increased levels of reactive oxygen species (ROS), namely, hydroxyl radicals (6, 29) . It has been shown that ZnO NPs generate a large amount of ROS, which further interfere with phospholipids, lipopolysaccharides, and lipoproteins, crucial biomolecules of the cell membranes of Gram-negative bacteria, leading to extensive cell wall disorganization (27) . Our TEM analysis, designed to reveal the temporal effect of ZnO NPs on the ultrastructural morphology of Salmonella serovar Enteritidis, showed profound changes of the cell envelope and cellular turgor following ZnO exposure (Fig. 6) , providing a striking example of the necrotic potential of ZnO NPs on the morphology of a Gramnegative organism.
Reactive oxygen species that may have contributed to these ultrastructural alterations led to the activation of the extracytoplasmic or envelope stress response (ESR), inducing molecular chaperones, proteases, and efflux systems ( Table 2 ). In Salmonella spp., the ESR is mainly mediated by the alternative sigma factor E (RpoE) (30, 31) and the two-component regulator CpxAR (Cpx) system (32) . A major periplasmic heat shock protein (HSP), serine endoprotease (HtrA), also known as serine protease degradation P (DegP), was upregulated 11.71-fold (Table 2) due to the action of ZnO NPs. The HSP HtrA, controlled by RpoE and Cpx regulators, has both molecular chaperone and proteolytic functions (33) . This widely conserved HSP is implicated in the molecular response to various stressors by detecting a heterogeneous family of misfolded or mislocalized proteins, including colicin A (34), PhoA (35) , TreF (36), HflKC (37), ␤-galactosidase (38) , and the HMW1 adhesion protein (39), followed by their degradation or, alternatively, by their unfolding and proper refolding, thus providing stability and turnover of cell envelope proteins. ZnO NPs also upregulated another periplasmic HSP, the ATP-dependent CLP protease proteolytic subunit (ClpP), an exclusive ATP-dependent system which digests irreversibly denatured proteins, indicating that ZnO NPs interfere with envelope proteins, causing the accumulation of misfolded proteins in the periplasmic space and further imposing a toxic effect on the entire cell. Along with the periplasmic molecular chaperones and proteases, ZnO NPs triggered upregulation of the GroEL-ES complex, a major molecular chaperone found in the cytosol which interacts with ϳ300 nonnative (i.e., misfolded) polypeptides, including es- sential components of the transcription/translation machinery (40) , implying that ZnO NPs interfered with a wide range of proteins/enzymes localized in the cytosol of Salmonella serovar Enteritidis.
The molecular response of Salmonella serovar Enteritidis to ZnO NPs included the upregulation (16-fold) of hypothetical protein STY1099, which was the largest, quantitatively significant upregulation observed. To gain insight into the possible function of this hypothetical protein in the homeostasis of Salmonella cells exposed to ZnO NPs, we performed a BLAST search using the entire protein sequence as the search query. It was determined that hypothetical protein STY1099 has a conserved domain of unknown function 2057 (DUF2057), which occurs in various prokaryotic proteins. Furthermore, a STRING analysis with a high confidence score (confidence score, 0.70) defined an interactome of protein STY1099, suggesting that this protein interacts with several proteins in the proteome of Salmonella enterica serovar Enteritidis (Fig. 5) . These proteins included a putative fimbrial subunit protein (pegA), a FimH protein precursor (fimH), a DNAbinding transcriptional activator (gutM), an assembly protein for periplasmic nitrate reductase (napD), and hypothetical proteins YrbL (yrbL) and YnjH (ynjH), proteins involved in cell adhesion, envelope biogenesis, and gene expression regulation, indicating that hypothetical protein STY1099 plays an important role, if not a central role, in the extracytoplasmic stress response to ZnO NPs. In addition, ZnO NPs triggered the significant upregulation of the TolB protein, a member of the Tol-Pal system, which is crucial for the development of transenvelope complexes that play an important role in envelope biogenesis (41, 42) . These data clearly indicate that the envelope stress response plays a key role in the protection of Salmonella serovar Enteritidis from the toxic effect of ZnO NPs by mediating periplasmic protein unfolding and refolding, proteolysis, transenvelope trafficking, cell adhesion, and gene regulation.
In conclusion, to our knowledge this is the first study reporting that ZnO NPs have a panmetabolic toxic effect on a prokaryotic organism. In previous studies, it has been shown that ZnO NPs interfere with key enzymes of the energy production (i.e., glycolysis, the TCA cycle, and the electron transport chain), resulting in ATP depletion and cellular death (12, 22, 23) . Our data confirm these previous findings but additionally reveal that ZnO NPs interfere with a much wider range of enzymes, including enzymes involved in translation; amino acid biosynthetic processes; and nucleobase, nucleoside, and nucleotide biosynthetic processes. In addition, we offer insights into the molecular response of a Gramnegative pathogenic microorganism to ZnO NP treatment. It was found that the envelope stress response plays a major role in the protection of Salmonella serovar Enteritidis against ZnO NPs by activating periplasmic chaperones and proteases, transenvelope complexes, and regulators.
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